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Abstract 

The effect of annealing on VmHn complexes and Cu precipitate behaviors in 
hydrogen ion irradiated Fe and Fe-0.3%Cu alloys was investigated by positron 
annihilation spectroscopy using a slow positron beam. The results of S parameters 
indicated that the room temperature irradiation was benefit for the formation of the 
VmHn complex compared to the elevated temperature irradiation. The S-W results 
confirmed the formation of Cu precipitates in Fe-0.3%Cu even at the irradiation dose 
of 0.1 dpa. The formation of the evident S value peaks in the damage region after 
annealing treatment suggested that the VmHn complexes were broken and a larger of 
hydrogen atoms were escaping. The residual vacancy defects would migrate towards 
both the surface region and the opposite direction with the increasing annealing 


temperature. 
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1. Introduction 

For the research and development of nuclear materials, accelerated ion 
irradiation experiments are usually employed to shorten irradiation time, especially 
the hydrogen ion. Hydrogen ions were considered to be one of the most suitable ions 
to simulate neutron irradiation due to only one nucleon [1]. Thus, hydrogen ion has 
been widely investigated to simulate neutron irradiation damage/effect in nuclear 
reactor structural materials [2-4], since few neutron sources are available. However, 
the hydrogen, as the impurity atom, would be retained by the intrinsic and 
irradiation-induced defects. The thermal stability and the recovery of VmHn complex 
in Fe irradiated with high energy hydrogen ions were investigated by Ishizaki et al. 
The de-trapping energy of hydrogen atoms from vacancies is only about 1 eV and 
hydrogen atoms could easily escape from the vacancy-type defects [2]. Ishizaki et al. 
also reported the effect of hydrogen atoms on microvoid formation in iron and the 
effect of annealing on the decomposition of hydrogen-vacancy complexes [3]. 
Yoshitaka et al. investigated the stability of hydrogen-vacancy complexes and their 
binding preferences in a-Fe, which suggested that hydrogen could enhanced the 
vacancy activities and vacancy formation [5]. Therefore, the inventory of the 
hydrogen in nuclear reactor structural materials is an important issue. In order to use 
hydrogen ion source better, we have to understand interaction of hydrogen and 
vacancy-type defects caused by hydrogen ions. 

Cu atoms have a very low solubility in a-Fe below 800 K [6-8] and Cu 
precipitates are easily formed in FeCu alloy during thermal aging at elevated 
temperature as well as upon high-energy particle irradiation [6, 8-10]. The formation 
of copper precipitate could hinder the dislocation motion, which would lead to an 
increase of the ductile-to-brittle transition temperature in Fe-base alloys containing Cu 
impurities. Thus, the concentration of the Cu impurity must be limited strictly in 
commercial reactor structural materials. Xu et al. detected the formation of Cu 
cluster-vacancies complexes, and concluded that the growth of Cu precipitates 
depended on the nucleation and growth of microvoids, which did not increase 


monotonically with increasing irradiation dose [6, 9]. The effect of annealing at 
2 


900 °C on the formation of Cu precipitates and vacancy-Cu precipitate complexes 
was studied by Wu et al [11]. Yoshiie et al. reported the effect of damage rate on Cu 
precipitation and indicated that the precipitation was accelerated at lower damage rate 
[8]. Nagai et al. have concluded that voids were surrounded by Cu precipitates [12]. 
Cao et al. indicated that the precipitation of Cu atoms formed easily at lower 
irradiation dose [13]. Therefore, in order to clarify the effect of irradiation defects on 
the formation of Cu precipitates, it is important to establish a fundamental 
understanding of the interactions between Cu precipitates and the formation of 
vacancy-type defects. 

The main purpose of the present work was to investigate the effect of annealing 
on VmHn complexes and Cu precipitate behaviors in irradiated Fe and Fe-0.3%Cu 


alloys using positron annihilation spectroscopy based on a slow positron beam. 


2. Experimental Details 

As a model system, Fe and Fe-0.3%Cu alloy were chosen in the present study, 
which was melted from Fe (99.995% purity) and Cu (99.999% purity) in vacuum 
using a high-frequency induction furnace. After melting, the solution treatment of 
alloys was carried out at 800 °C for 24 h, followed by quenching in ice water. The 
bulk materials were first cut to thickness of 1 mm x 10 mm x 10 mm square sheets 
and then cold-rolled to a thickness of about 0.5 mm. All samples were punched into 
10 mm x 10 mm square sheets, well-annealed at 900 °C for 0.5 h in a vacuum, and 
quenched in ice water. Before hydrogen ion irradiation, all the square sheet specimens 
were firstly mechanically polished with silicon carbide paper with the grades of 
800-2000, and then electrochemically polished to a mirror-like surface using 25% 
perchloric acid and 75% ethanol polishing solution at -30 °C. Finally, the polished 
specimens were cleaned with acetone and ultrasonically rinsed in de-ionized water for 
5 min. Already prepared polished sheet samples were irradiated with hydrogen ions at 
room temperature using an ion implanter located in China Institute of Atomic Energy. 
Irradiations were performed using 100 keV hydrogen ions to a dose of 0.1 dpa and 1.0 


dpa. The beam was scanned in both the horizontal and vertical directions to maintain 
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the uniformity of the irradiation dose, and the current density was ~2 pA/cm?. 
Irradiation times of about 0.5 h and 5 h were used, and the damage rate is about 
5.5x10° dpa/s. The damage profiles and distributions of hydrogen ions calculated by 
SRIM [14] are shown in Fig. 1, where the displacement energy was 40 eV. After 
irradiation, the samples were annealed isochronally for 30 min in a vacuum of 10° Pa, 
and the annealing temperatures were 150 °C, 200 °C, 300 °C, 400 °C and 500 °C, 
respectively. 

Positron annihilation Doppler Broadening (DB) measurement was carried out at 
slow positron beam facility in Institute High Energy Physics. Slow positrons are 
generated by a 1.85 GBq ”Na radiation source. The positron beam energy range is 
from 0 to 20 keV. The detective depth of the slow positron is defined by the incident 


energy and is calculated by the empirical equation [15]. 
4 
Z(E)= [ue an , (1) 
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where Z(E) is the depth below surface and is expressed in nm and E is the incident 
energy (keV) of the slow positron, p is the pure Fe density in units of kg/m’. The 
calculated mean depth below the surface of the slow positron was shown in the top 
x-axis of Fig. 2 according to Eq. (1). Thus, the max detective depth of the incident 
positron could cover the damage profiles and distribution of hydrogen ions. In this 
work, we mainly studied the defects in the damage region and neglected surface 
region due to the interference of surface effect on positron. The damage region was 
about from ~200 nm to ~600 nm, as shown in Fig. 1. In the DB spectra, S parameters 
were measured to characterize the defect information and W parameters represented 
the formation of Cu precipitates. The S and the W parameters are defined as the ratios 
of the counts in central low momentum area (510.2 - 511.8 keV) and two flanks high 
momentum regions (514.83 - 518.66 keV and 503.34 - 507.17 keV) in the DB spectra 
to the total counts, respectively. Annihilation y-rays with a small energy displacement 
from the peak centre indicate positron annihilation with low-momentum valence 
electrons and thus the S parameter represents information on positron annihilation 


with vacancy-type defects. While, y-rays with a large energy shift from the peak 
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centre are due to positron annihilation with high-momentum regions of inner shell 


electrons and thus the W parameter conveys information on Cu element precipitates. 
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Fig. 1. SRIM calculation of damage profiles and ion distribution produced by 100 
keV hydrogen ions. Damage region was about from ~200 nm to ~600 nm. 
3. Results and discussion 

Fig. 2 shows the S-E (S parameter-positron energy) curves for pure Fe alloy 
irradiated at 1.0 dpa and Fe-0.3%Cu alloys irradiated at 0.1dpa and 1.0 dpa. The S 
parameters for the unirradiated samples were also drawn in Fig. 2. For the pure Fe, the 
S parameter for the 1.0 dpa sample was higher than that for unirradiated sample, 
which indicated that hydrogen ion irradiation generated vacancy-type defects. 
However, the S parameter for 1.0 dpa sample decreases with increasing positron 
energy. In contrast to the SRIM calculation (see Fig. 1), no expected peak in the S 
parameter formed in the 1.0 dpa irradiated specimen, and thus the experiment results 
are not consistent with the calculation. The dependence of the S parameter on positron 
energy for Fe-0.3%Cu alloys irradiated at 0.1 and 1.0 dpa also indicate that the S 
parameters for irradiated specimens were larger than that for unirradiated one at 
overall region, but no peak formed in the damage region. A reasonable interpretation 
could be expressed by the following invertible formulation: 

Vin + Ha = VinHn (2) 
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The deduced interpretation would be that a larger number of hydrogen deposited at 
the damage area and hydrogen atoms (Hn) occupied vacancy sites (Vm), which could 
lead to the formation of numerous VmHn complexes. The formation of the VmHn 
complexes would affect the annihilation of positrons with the electrons in vacancy 


defects. No S parameter peak formed in the damage region. 
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Fig. 2. S-E curves for pure Fe and Fe-0.3%Cu irradiated with different irradiation 
dose. 

For the irradiated Fe-0.3%Cu alloy, at all energies the S parameter for 1.0 dpa 
was not larger than that for 0.1 dpa sample, as shown in Fig. 2 (i. e. the S-parameter 
increased after 0.1 dpa irradiation, and seemed saturated in 1.0 dpa). The S values of 
the higher dose were almost the same with that of the lower dose from 11 to 20 keV. 
The S values for 1.0 dpa sample were even smaller than that for lower dose irradiation 
sample from 4 keV to 11 keV. The results were not consistent with our previous 
hydrogen ion irradiation experiment at elevated temperature [16]. In hydrogen ion 
irradiated Fe-0.3%Cu alloy at 400 °C, the S parameter for higher dose was larger than 
that for lower dose in the damage region (positron energy was from 8 keV to 20 keV) 
[16]. In the present work, the concentration of hydrogen atoms increased nearly 10 


times in 1.0 dpa sample. The room temperature irradiation would affect/limit the 
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diffusion velocity of hydrogen atoms, which would promote Hn occupied Vm and 
formed the VmHn complexes as shown in equation (2) and lead to the decrement of 
defect density. It could decrease the positron annihilation with low-momentum 
valence electrons. The elevated temperature could enhance the hydrogen atoms 
diffusion and escaping, which would delay the combination between hydrogen atoms 
and vacancy-type defects. Therefore, in the present study, room temperature 
irradiation was benefit for the formation of the VmHn complex and the S parameter for 
1.0 dpa was not larger than that for 0.1 dpa sample. 

As stated above, the W parameter was usually used to describe the information 
of core electrons annihilated with positrons. Especially, in the present study, W 
parameter is defined as the information of Cu 3d electrons annihilated with positrons 
and thus the W parameter conveys information on Cu element precipitates. As we 
known, the S parameter conveys the information of vacancy-type defects. 

Fig. 3 shows S versus W plots for all samples studies. The slope of the S-W plot 
could represent mechanism of positron annihilation after trapped. In Fig. 3, the (S, W) 
points of unirradiated and 1.0 dpa pure Fe samples were almost at the same linear 
function from the surface region to bulk region (i. e., the values of slopes for the two 
samples were almost the same, as shown the lines 1 and 2 in Fig. 3). Because 
annihilation mechanism of the different defects annihilated with positrons is different 
and different kinds of positron annihilation site are characterized by the corresponding 
typical (S, W) couples, the S-W plot could be used to identify the number of defect 
types which are trapped by positrons in materials [15]. This indicated that there was 
only one type defect (vacancy-type defects) were detected by the positrons (i. e., the 
positron annihilation mechanisms were the same between unirradiated specimen and 
irradiated specimens). Fig. 3 also shows the S-W curves in Fe-0.3%Cu alloys and the 
correlation between Cu precipitates and irradiation induced defects (vacancy defects 
and VmHn complexes). Lines 3 to 5 correspond to the irradiation dose of unirradiated, 
0.1 and 1.0 dpa, respectively. The slopes of the irradiated specimens were larger than 
that of unirradiated Fe-0.3%Cu alloy, and the gradient value increased with irradiation 


dose. The change of slopes meant that the mechanism of positron annihilation has 
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changed after hydrogen ion irradiation. The reason for the increment of the gradient 
value may be the Cu precipitates formation in irradiated Fe-0.3%Cu alloys. It is also 
clear that the changes of S and W are not independent, and S and W values were in an 
irrigorous inverse relationship in generally. Although the W parameter decreased 
partially due to the increment of S values in irradiated specimens, the increment of 
S-W gradient values also confirmed the formation of Cu precipitates in Fe-0.3%Cu 
even at the irradiation dose of 0.1 dpa. The increment of S-W gradient value with the 
irradiation dose indicated that the aggregation of Cu atoms was promoted further at 
higher irradiation. Since Cu atoms are easily aggregated by vacancy migration [6], the 
VmHn complexes and the vacancy defects could be regarded as the sinks, which could 
absorb more small Cu precipitates. The aggregation of Cu atoms grew and coarsened 


finally with increasing irradiation dose. 
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Fig. 3. S versus W plots for the irradiated samples at different dose and the S-W 
curves of un-irradiated sample also included. 

The evolution of the S parameters as a function of positron incident energy and 
annealing temperature in hydrogen ion-irradiated pure Fe and Fe-0.3%Cu alloy was 
shown in Fig. 4, and the isochronal annealing temperature were 150 °C, 200 °C, 
300 °C, 400 °C and 500 °C, respectively. In Fig. 4a, 1.0 dpa ion irradiation generated 
vacancy-type defects and accompanied with the formation of VmHn complexes in pure 


Fe, as stated above. However, a predicted peak in the S parameter appeared in the 


damage region after 150 °C annealing treatment (see the peak 1). So 150 °C annealing 
treatment just could break the VmHn complexes and the defect peak 1 appeared in ~ 
500 nm, as shown in Fig. 4a. It clearly indicated that the VmHn complexes were 
broken. A larger of hydrogen atoms was escaping at 150 °C and the remaining 
vacancy-type defect induced the increment of the S parameter. The residual vacancy 
would migrate in random directions in thermally-activated process. The vacancy 
defects would migrate towards both the surface region and the opposite direction after 
annealing treatment. With the annealing temperature increased to 200 °C and 300 °C, 
the depth of corresponding peaks (2 and 3) were about 420 nm and 410 nm, 
respectively. The peak intensity of the S parameters gradually decreased from 150 °C 
and 300 °C. These also indicated that the vacancy-type defects gradually recovered 
with the increasing temperature. When the annealing temperature was 400 °C, the 
depth of the defect peak 4 migrated to 240nm. But the S value of peak 4 was larger 
than peaks 1, 2 and 3. The reason may be that the migration and aggregation of 
vacancy defects would lead to the increment of the defect density in ~ 240 nm. The 
peak 5 in 500 °C annealed specimen was located in ~ 230 nm and the value was 
smaller than the peak 4. More remarkable, the annealing temperature increased from 
150 °C to 500 °C, the depth of the defect peak would migrate towards to surface. 
However, the residual vacancy defects also migrate towards the opposite direction, it 
is predicted that the other defect peak may existed the deeper region. The maximum 
energy of positron was only 20 keV, and the maximum detective depth in the pure Fe 
alloy for our equipment was only ~ 600 nm. Thus, it can’t show another peak in the 
deeper region. 

The escaping of the hydrogen from the vacancy-type defects also appeared in 
post-irradiated Fe-0.3%Cu alloy annealed isochronally, as shown in Figs. 4b and 4c. 
For the 0.1 irradiated Fe-0.3%Cu alloy, Fig. 4b shows clearly that the S parameter 
peaks migrated from the damage area towards to surface region (peaks 1-5) and the S 
parameters in the damage area gradually decreased with the increasing annealing 
temperature. The shrinkage of vacancy-type defects and the density of defects induced 


the decrease of S parameters during elevated annealing treatment. On the whole, the 
9 


vacancy defects would migrate towards to surface region and the opposite direction 
after annealing treatment, and the vacancy-type defects gradually recovered with the 
increasing annealing temperature. However, the phenomena in Fig. 4c were complex 
in higher dose irradiated sample. There are two differences from the lower dose 
irradiation experiment results. One is that the S parameters (peak 1-3) in the damage 
region increased with the annealing temperature increased from 150 °C to 300 °C, and 
the S value (peak 4) reduced to the lowest when the annealing temperature was 
400 °C. In addition, S parameters increased by the annealing in Fig. 4c. This suggests 
that the amount of vacancy-type defects after 150 °C, 200°C and 300°C annealing 
was higher than that in as-irradiated sample. It further showed that annealing could 
break the VmHn complexes, and remaining vacancy-type defect after the escaping of 
hydrogen atoms induced the increment of the S parameter. For the higher dose 
irradiated specimen, the micro-void/void may form, and the larger size defects could 
hold the more hydrogen atoms than vacancy. Thus, the hydrogen atoms only 
completely released until more than 300 °C. But elevated temperature 400 °C 
annealing treatment would lead to the shrinkage of micro-voids/voids and the 
decrement of S value. Another is that the peak 5 for the 500 °C annealed specimen 
was larger than peak 4 for the 400 °C annealed one. This is an unexpected 
phenomenon. Elevated annealed treatment (500 °C) may promote the aggregation of 


the Cu precipitates and lead to the increment of S parameters, which need to research 
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Fig. 4. The evolution of the S parameters in post-irradiated pure Fe and Fe-0.3%Cu 
alloys annealed isochronally, and the annealing temperature were 150 °C, 200 °C, 
300 °C, 400 °C and 500 °C, respectively. The S parameters of prior-irradiated 


specimen also included. 


4. Conclusion 

The pure Fe and Fe-0.3%Cu alloys were irradiated with 100 keV hydrogen ions 
at room temperature. In order to study the effect of annealing on VmHn complexes and 
Cu precipitate behaviors, the irradiated samples were annealed isochronally for 30 
min at 150 °C, 200 °C, 300 °C, 400 °C and 500 °C, respectively. The evolution of the 
defects in Fe and Fe-0.3%Cu alloys was investigated by positron annihilation 
spectroscopy using a slow positron beam. 

An analysis of the S parameter results indicated hydrogen atoms occupied 
vacancy sites and VmHn complexes were formed in hydrogen ion irradiated Fe and 
Fe-0.3%Cu. The room temperature irradiation was benefit for the formation of the 
VmHn complex compared to the elevated temperature irradiation. 

The S-W results confirmed the formation of Cu precipitates in Fe-0.3%Cu even 
at the irradiation dose of 0.1 dpa, and the aggregation of Cu atoms grew and 
coarsened finally with increasing irradiation dose. 

There was a predicted evident S peak appeared in the damage region after 
annealing treatment, and the depth of the S peak would gradually decrease with the 


increasing annealing temperature. The VmHn complexes were broken and the 
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hydrogen atoms were escaping. The residual vacancy defects would migrate towards 


to both the surface region and the opposite direction after annealing treatment. 
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